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METHOD OP MAKING STRUCTURED CERAMIC COATINGS AND COATED 
DEVICES PREPARED WITH THE METHOD 

The Field of the Invention 

5 The present invention relates to a method for low temperature deposition of 
multi-phase and multi-layered coatings of ceramic compositions with 
hydraulic binder phases on substrates, which may be metals, polymers as 
well as ceramics. 
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Background of the Invention 

Some bioceramics are of particular interest within orthopaedics and 
odontology, e.g. hydroxy apatite, fluoroapatite, calcium phosphates, calcium 
carbonate and Bioglass^. These materials can also be made more or less bio- 
resorbable. i.e. they may be dissolved in the body and replaced by natural 
tissues. This group of ceramics is explored e.g. for orthopaedic metal 
implants coated with a surface layer of hydroxyapatite, and various bone 
graft materials based on calcium phosphates and/or calcium carbonates e.g. 

Precipitation of apatite in ceramic materials has also been described. A 
material system based on calcium aluminate and a hydration liquid 
containing water solvable phosphates to enhance apatite formation are 
described in: "System for dental filling materials or implant material, and 
powder material and hydration liquid" (SE 0201920-6), and "Bonding system 
for dental filling material or implant material, and powder material and 
hydration liquid and method to create bonding" (SE 0201921-4). These 
patent appUcations do not include material compositions for coatings or 
techniques to achieve coatings. 

A range of established surface coating techniques have been described. The 
most established techniques for deposition of ceramic coatings are Chemical 
Vapour Deposition, Physical Vapour Deposition. Thermal Spraying, Plasma 
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spraying and Electrolytic Deposition. Surface coatings may also be produced 
with powder technology. 

A great disadvantage with these techniques for deposition of ceram^ 
Hangs, with the exception of electrolytic deposition .s the elevated 
coaung , nmcessins. This sets limitations to the 

temperatures involved m their P"« ^^^^^ phases 

selection of substrate materials, and to the chemicals 

selection ot disadvantage also counts the complexity of the 

that can be achieved. To ^„ arrangements needed 

required equipments, such as the gas tight i^jg^.temperature and 

for chemical and physical vapour deposition, and the high te p 
presses required in powder technology. 

A recently developed method for the deposition of coatings based on 

r icall bonded ceramics is desCbed .„d 

!nor-^ese patent appUcations describe a coating deposition method 
2002). These pa en pp ^^^^^^^^ preparation of curable 

comprising the steps, pre tr „f the slurry as a coating on a 

layers of non-hydrated hydraulic powders are deposited 
and hydrated in an additional step. 

1- oo iQQ'^ describes ceramic multi-layers 
TIS-5480438-A, filed September 22, 1993, descrioc 

30 of hydrated ceramic. 
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o„mmarv f th Invent! n 

'rpresTnt invention relates to a method of n.aldng structured ceran.^ 
LatLgs and coated devices prepared with the n,ethod. More ^P^cficaUy 
present invention relates to a low temperature method for producmg mulu- 
5 Cer or multi-phase (mulU-structured) coatings and devices covered wth 
' ricoatings'suchasthosedepictedinPig. 1- With the tec„ 
according to the present invention, surface coatmgs with controlled 
: r^ns .n ter^s of chemical composition, phase composition, potos^ty. 
surtce roughness, mechanical prof^rties, biocompatibiUty. etc can be 
10 achieved. 

The present invention provides a method for producing a multi-structured 
Td/or multi-phased ceramic coating in one step. In a basic form. sa.d 
ret dTomp Ls application of a non-hydrated --ic^— ^^^^ ^ 
• «t ipast one hydraulic component, which is preleraDiy a 
rr:f= — , on aLbstrate and curing said a^egate using 
I water-based solution comprising ions from other compounds. By thrs 

method, a multi-structured, a multi-phased ceramic coahng. or 

combination of the both, can be obtained. 

The method according to the present invention can be combined with any 
H"g method involving application of one or mote non-hydrated cer^.c 
ZIL on a substrate. The method according to the — ^ 

also appUcable if the applied ceramic layers are composed of dtfterent 
25 ceramic materials or comprise mixtures. 

The surface coating method according to the present invention is preferably 
d ^ Xdulg a biocompatible coating. This biocompatible coatmg may 
L u™ producing general implants, or specincally implants for 

" "^appUcations. The present invention also relates to a device, the 
:::^^e of whi^h has been coated with a biocompatible coating accordmg to 
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tioT. The biocompatible coatings may also be used as 

::r rra:::r l,. a. wen . .......o.. ... 

fields of micro-structure technology and tribology. 

r l"r;l^ "s or a, .on-osenous coatln. — e 

coatln. can .e ac^eved using the 

coating method according to the present invention. 

::r"l In :«r Ccium alumlnate with 10 wt.. tltania. 

^:::t:::rn:rrrt:mpera.^^ 

:r coatings .ased on --J^^^^^^^^^ 
particular aU phases ^^^^^Z::^ .veral phases or 

' ^Z:::^^. — surface roughness, phase composition 
and biocompatibility of a coating system. 

Specinc .or the present invention is the 
« multi-structured hydration. 

:rringh.dra.onma.hecontrolledhoth.^ 

additives m the powder and in the hydration Uquid. 

A- „ to the oresent invention allows the deposition of 
30 The method according to the present chemically stable 
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bio-resorbable co„>pou„ds. such as hydroxyapatite ar-d calcum carbonate, 
coatings may be designed e.g. with an outer layer of a.e b.oresorbable 
substance, and at. inner layer of a hydrated ceramic havmg better 
mechanical properties and adhesion to the substrate. 

one object of the present invention is to provide a surface coating me*od 
comprising the steps of preparing one powder mixture, or several powder 

^^^^,,^^,,5^. wherein at least one of sard powder ^m«s 

7^;;:^ed hydrauUc ceramic powder bmder phase, pre- 
ZZl a substrate surface, to increase the adhesion between the substrate 
ZTZ ceramic coating, applying one single layer or s-e^ layers^" top of 
each other of the non-hydrated powder mixture on the substrate, arrd 
hvdrating the powder layer/layers in a curing agent contammg ions of 
cl^«s phosphates or fluorides. Said non-hydrated hydrauhc ceranuc 
pr^rtss^ntiau; comprises calcium a—, calcium silicate or calcum 
sulphate or mixtures thereof. 

The present invention provides an improved coating method for coating 
, I^rlvices. such as medical devices, which -P-ed -a^_f od rs 
. ,^ to the methods described in the earlier patent appUcatlons SE- 

method and coated devices" ,f.led December 2001,., arrd 
S^O^lsV-T. "CeLic surface layers and coated devices (filed March 



2002). 
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Due to the simple appUcation technique for the powders and the low 
temperatures re<^red for hydration, the chemical composmon and *e 
Phases of compounds contained in such a compos.hon, as well as the 
'n^r:t:lcture and porosity of the different layers, can be controlled much 
better than with the prior art techniques. 
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Throughout this application the term -biocompatibiUty- is used a r,umber of 
times implying certain properties on the material or surface in <!"-«on^ 
However, it should be noted that biocompatibiUty is used as a generic term 
for the different properties that are recp^ired or desirable for matenals mat 
5 are to be in contact with biological tissues. Moreover, the materrals have also 
to be used/prepared in the right way and for suitable applications. Ano^er 
frequently used term is -osseo-compatible', which implies that a ma^enal .s 
especially advantageous for use in contact with bone trssue. The term 
-bLctive" means that a material being bioactive stimulates U.e m-growti. of 
,0 an implant in for example bone tissue. The term Bioglass® which is used 
Lerll time in the description is a trade name for a family of phosphorous 
glasses of good biocompatibiUty. 

M..lH- phflse a r "^ m..1ti-lavered coating 

often achieved with multi-phase and multi-layered coatings sys^m. 
Reasons to use such coating systems may be to improve ^e adhe-on ^tte 
substrate, to increase the toughness, hardness or biocompaUbihty to reduce 
internal stresses in the coatings; or to control volumetric changes during 
20 coating manufacturing. The concepts of multi-phase and multi-layered 
coatings are illustrated by figure 1. 

The different phases or individual layers may be composed of one or several 
of the following compounds-, calcium aluminates. calcium alummate 
25 hydrates, other hydrauUc phases, e.g. calcium sulphate and calcium sll^ate, 
fluorapaUte, hydroxyapatite, other apatites, calcium phosphates, calcium 
^bonates. ca'bonates-apatites mixed phases, Bioglass*. inert phases ,non- 
hydrating phases and calcium aluminate). 

30 The most pr.fer.ed hydraulic cement used with the method --'^'"^to 'h^ 
present invention is various forms of calcium aluminate. But *e -aiod is 
Applicable also on other hydraulic cements, such as silicates and sulphates. 
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U.e in :nethods disdosed in previous pa^nt appUcati n ^^-^ ^^ 
-coating method and coated devices" (filed December 200 ) and SE- 
0200637-7, "Ceramic surface layers and coated devices (filed March 2002), 
the method comprises the foUowing steps-. 

-Pre-treatment of substrate. 

' XTation of hydrauUc component with water, water based solutions or 

evaporated water. 

However in the method according to the present invention the step of 
depoXg powders parUcles the substrate surface differs from the above- 
mrnlned methods in that layers of d» chemical compo.u^ are 
Applied on top of each other, ^rthermore .e s.p 

rdirrrrrcTip^^^^^^^^ 

, water, or additions of similar substances to the powder material. 

=SS^ollowst.^^^^^ 
SE-0104440-3, "Coating method and coated devices (m 

' . t «t,n is preferably performed with wet or diy sand blasting 

"r:"crr::ghCsLrK.-va,ues, m the range of 0.1 to 10.0 
M^^t^r^ hljs resulting in s,m.lar random surface structures 
,m. Mso processes or abrasive 

may be applicable, e* etching p anchoring of the 

.^^...s ^ hydraunc ceramics. 
:r TZ^. provides seed points (embedded ceramic 
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powder or particles) for the following hydration of the applied ceramic 
powder. Optionally, but not necessary, the substrate surface may also be 
pre-treated with hydration accelerating compounds, such as LiCl or other 
accelerators known within the field. The purpose of the pretreatment with 
such an accelerator is to initiate the hydrating process in a controlled way 
directly on the substrate surface, whereby porosity, cracking etc. is avoided 
at the coating/ substrate interface. 

The substrate used is according to the present invention Ti or alloys thereof, 
stainless steel, Co-Cr alloys, another biocompatible metal, polymeric or 
ceramic material, or any combination thereof. 

Preparation of p^wrler mixtxires and dispersions of these 
Preparation of the powder particles involves creation of a selected 
composition, phase structure and grain size of the hydraulic cement, which 
is preferably calcium aluminate or calcium silicates. In a basic form of the 
present invention, the ceramic powder comprises only hydraulic grams of 
calcium aluminate, of which several stoichiometries exist. Powders 
consisting of CsA, CA, CA. and CA., where C stands for CaO and A for 

AI2O3, are all applicable to the present invention. Such powders are 
commercially available products. 

To control the formation of apatites and carbonates during the coating 
production, all powder additives providing phosphate, fluoride or carbonate 
ions are of relevance to the invention, these may be calcium phosphates, 
hydroxyapatite, fluoroapatite, calcium carbonates or other carbonates, 
carbonates-apatites. Bioglass®. sodium phosphates. 

Said surface coating method may optionally comprise the step of preparing a 
) powder mbcture comprising adding particles or powder of one or more 

biocompatible or bioactive materials composed of particles or powder of one 
or several phases containing phosphates, flouorides or carbonates, calcium 
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carbonate, calcium phosphate, apatite, fluoroapatite, carbonates-apatites, 
hydroxy apatite and Bioglass®. 

,„ addition to the hydraulic component and the additives controlling the 
formation of apatites and carbonates, the powder mixture may also contam 
additives controlling mechanical properties, expansion, cunng tm,e, etc. 

A non-hydraulic, i.e. non-hydrating, flUer may be added as descrihed in our 
co-pending Swedish patent application SE-0 104 441-1 «th a>e Utle 
•ceramic material and process for manufacturing. The non-hydrauU filler 
n^y comprise calcium titanate or any other ternary oxide of perovstate 
structure according to the formula ABOs, where O is oxygen -^^j^ 
metals, or any mixture of such ternary oxides. A in the ^^"^^^^^^^^^^ 
is selected from the group comprising Mg. Ca, Sr or Ba. and that the B .nthe 
perovskite structure is selected from the group "'^'^^ 
non-hydraulic filler should be present in an amount of less than 30 vol. /. 

preferlbly less than 10 vol.% of the total volume of the ceram^.c mgredrents. 

But, all material compositions disclosed in said appUcation also apply as 

coating materials in the present invention. 

Also the expansion controUing additives described in the patent application 
PCT/SE99/01803, "Dimension stable binding agent systems', are relevant 
^the present invention, primarily calcium silicates and fumed silica (very 
finely grained silica). 

Tbe surface coating method accorfing to the present invention may also 
optionally include removing residual water ar>d/or organic matenal m the 
powder material. 

0 According to the present invention the surface roughness and Po-^J^ - 
controUed by the choice of particle size of the powder/ parhcle m... Thus, toe 
method accLing to the present invention optionally comprises reducmg the 
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powder grain size. Small grain sizes aUow for smoother coatings and for even 
coverage of micro-structured surfaces. When these properties are required, 
the powder grain size is preferably below 10 ^m and more preferably 
between 0.1 and 3 pm. Larger grains and agglomerated grains also produce 

more porous coatings. 

The applied non-hydrated ceramic layer/layers may also be compacted prior 
to the Lai hydration. Such compacting can be achieved by usmg co^ 
isostatic pressing (CIP), hot isostatic pressing (HIP), or by passmg a laser 
beam across the surface. After the compaction step, the degree of 
Xction of the powder layer is increased between 30 and SO % and the 
porosity reduced to 30-45 vol%. 

According to the present invention the surface roughness is also controUed 
t the choice of dispersion liquid for the particle mix. Disperston Uqutds of 
relevance are water, carbonated water, alcohols, oUs. acetone, other 
hydrocarbons, buffer solutions, phosphate solutions, plastic^rs. etc^ 
^operties of the liquid to consider are viscosity, vapour P-^^-^-^^J" 
e Jets as well as wettability to powder particles and to subst^te. Water or 
, wttlr based solvents lead to an immediate start of the hydration. Non-water 
rlnts are combined with post-curing, meaning that the actual curmg ts 
performed in a separate step. 

Ethanol produces smoother surfaces than acetone due to ^^^^^^^^l 
5 ability. For water-based liquids, the surfaces structure .s controlled by the 
use of water dissolvable dispersing agents and plasUcisers. 

,„ the case of curing in water or water-based solutions, the chetmstty and 
Phase compositions of the cured coating are controUed through the 
,0 !oHtraLs of carbon dioxide or carbonate, phosphate or fluor.de salts 
ThS^er the concentration of carbonate ions, the more calcium c—s 
I^y pLntially be formed. The higher the concentration of phosphates or 
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fluorides, the more hydroxyapatite or fluorapatite is fornied during 
hydration. 

For the creation of multi-layered coatings, powder mixtures of different 
Lm,ca. composition and solvents may be prepared for deposmon m several 

subsequent steps. 

When it is desired to achieve a multi-struc^re coating using only one 
powder layer, the phase composition of the coating can accordmg to *e 
present invention be controlled by adding specific ions to the cunng agent. 
These ions can be provided by adding carbon dioxide or carbonate, 
phosphate or nuoride salts to the curing agent. The curmg agent may be 
trrmed a liquid or a gas, and is preferably a water-based agent such as a 
rir solution or vapour. OptionaUy. a component which accelerates or 
retards the hardening process may be added to the curing agent or the 
powder material. 

m iin-itinn -f r"""^'-'-'' "article" on s ubstrate surfage 

E^B^^-^;;;;;;^^ as one or several thm 

, ZL various deposition technicues may be used, e.g. ™. 

etc All deposition techniques described in our co-pending Swedrsh pat r^t 

a^liltion SE-0200637-7, "Ceramic surface layers and coated devces (filed 
March 2002) are of relevance to the present mvention. 

5 The appUcation of the powder material on the substrate surface is performed 
S a dermal spray techni<^e. PVD or CVD deposiUon techniques, or appUed 
as a tape prepared by tape casting. 

The thickness of the coating is controlled either by the pardcle si.e, the 
,0 dispersion of the particles and the powder-to-solvent ratro. For th.ck 
coatings multiple dipping or spraying can be performed. 
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Aft.r deposition of the particle mix. the solvent is evaporated. The 
evaporation may be performed by letting the particle mixture stand at room 
temperature in normal atmosphere, but the evaporation process .s 
accelerated at higher temperatures. 

The deposited surface coating according to the present invention has a 
thickness in the order of 0.1-SOO ^m, and preferably less than 50 ^m. 
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Post-hYdration ^^i*.^A 
7he most relevant procedure of the present invention to cure the deposited 
parade layer or layers is by post-hydration in a separate step m a water 
solution, water vapour or an atmosphere of controUed humidity. 

Also the temperature affects the curing procedure. Most relevant for the 
Zlr, are temperatures between O^C and 100»C. Preferably, the curmg .s 
performed in the range of 20°C to 70-C. 

During post-hydration the amounts of calcium carbonate 
aluminocarbonates are controlled by the presence of carbon dioxide. By 
c— g the hydrogen-carbonate concentration in the hyarahon water or 
Z the vai^ur. the amount of the calcium carbonate within the coating ar^l 
: Z coLng surface is controUed. By hydrating the ^^^f 
water the top-surface layer will mainly consist of calcium carbonate. If the 
hydration takes place with decarbonated water the calcium carbonate 
fliation is suppressed, resulting in a low calcium carbonate content m the 
surface layer. 

Hydration can also be performed in phosphate ion rich solutions, such as 
phosphate buffer solutions or simulated body fluids, to produce calcium 
, phosphates and apatites. Fluoride solutions produce calcium fluoride. 
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However, during hydration, many other phases may form as a result of the 
details of the chemical environment. For example, the presence of carbon 
oxide, either as atmospheric CO. and/or as carbonic acid in the hydration 
water or as a carbonate compound, may lead to the formation of calcmm 
5 carbonates or calcium carboaluminates during the hydration, m addition to 
U.e calcium aluminate hydrates. The formation of carbonates mteract wth 
the hydration of the aluminate, e.g. following the reactions: 

CAHio + CO2 CaCOa + AH3 + 7H2O 
10 C3AH6 + 3C02 -> 3CaC03 + AH3 + 3H2O 

Consequentiy. the presence of carbonic acid in the hydration water or 
atinospheric CO., controls the amount of carbonates or ^^^"^^^^ 
formed during and after hydration. The formation of calcn^ carbona« a.d 
J5 calcium carboaluminates can be suppressed or enhanced by controUmg U.e 
:^ess to carbonic compounds in ti>e hydration environment. Dependmg on 
the surrounding temperature different compounds and phases a- to^ed^ 
Por instance, at room temperature, the calcium — ™ " 
stable U>an the calcium carbonates. In the presence of carbon, the hydrates 
20 may stiU transform to carbonates over a period of time corxespondmg to 
several monU^s. At 37 "C ti>e calcium aluminate hydrates are stiU more 
stable, but the carbonate formation proceeds faster ti.an at room 
temperamre, over a period of time of some days or weeks. At60 C or htgher 

the carbonation reactions progress much furti^er and faster. 
25 calcium carbonate ti^an calcium aluminate hydrates may be formed. Hence 
t^ detailed phase composition can be steered with the curing temperamre. 
^^e entire temperature range from 0 to 100 C" is applicable accordmg to ti.e 
purposes of the present invention. 

30 Formation of calcium carbonate during hydration of calcium aluminate is of 
particular interest due to at least two reasons. First, calcium carbonate .s a 
Lorbable bio-ceramic; it interacts with the regeneration process of bone 



14 



10 



Q^rond controlled carbonation of the calcium 

hydrate. 

suitable pH range (concentration oi un ai , ^^^inate from 

Uquid. H» originates from the hydration water. 

.hi. means that the caicium hased hydrauUc ^^^^^X:^"-^ ^ 
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^„„H^ p. and coated devices oresent invention a 

,„ one embodiment of the method ^^J^ t;^ ,„„^et with 

hioeompatihie coatin. ^ ^ ^^:2:::::Z^ Of .ess than . 
the substrate -'^^^^^^'^^^^Zc^r. aluminate having a grain size 
,m. a bun. L comprising a bioactive materia., 

rr::.: r^tr^osThate. apatite. ca.c.m carbonate or ca.cium 



fluoride. 
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The Hocompatible coatings ^ay also be used as carriers of therapeutically 

active drugs. 

The preser.t mventior, also relates to a surface coated device. a 
luLI and a surface coating covering at least a section of fte substrate 
TuH, Wherein the surface coating is the — 
™ade by using the surface coating n>ethod according to the p esen^ 

/.t, „,h<.trate is Ti or alloys thereof, stainless steel, Co-Cr 

ryralter^oro^lletal, poUc or ceran^c n-aterial, or any 
alloys, anothe V ^ ^ ^^^^^ 

itrr t — artmclal orthopedic device, spinal implant, 
ilplant, attach-nent element, bone nail, bone screw, or a bone 
reinforcement plate. 



15 EXAMPLES 



^^^^^^^ . , , , .xabstrate in the form 50 mm long and 4 mm 

20 oxide grit to a surface roughness of Rabetween 0.6 and 0.7 Mm. 

. calcium aluminate powder from Lafarge Alumina^s ^e-^ ~ - 
selected This is a calcium aluminate with a raho of AWs and CaO 
selected. aluminate powder is also 

70/30. However, any other similar cau-iu. 

25 possible to use for the same purpose. 

was iso-propanol. The total milling time was 72 hrs. 
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After miUing, the mUling bodies were removed by sieving and the alcohol wa. 
^"oTated Thereafter the milled powder was burnt at 400-0 for 4 hours, to 
remove any residual water and organic contammation. 

AS the bioactive component, hydroxyapatite from Merck with an average 
grain size of 5 ]im was selected. 

For the application of a graded coating, two different slurries were prep^ed. 
The flrst Lty . A. consisted of the milled calcium alum.nate powder and 
, ethanol mixed with in ration 1 : 1 by weight. 

A first layer was applied by dipping the substrate in slurry A, whereafter the 
ethanol was evaporated in air. 

. The substrate was dipped once in sluny A and then air-dried. The coating 
was hydrated in a closed container with carbonated water at the bot^m 
Teo -C tor one week. Calcium aluminate phases are quicldy formed, wtthm 
^st thH hour. The carbonated water accelerates the in situ formauon of 
rlium carbonate on the surface. The resulting coating con.sts^.f a douM^ 

,„ layered structure with calcium aluminate hydrates close to the substrate 
^Icl um carbonate rich outer layer at the surface. The entire coatmg was 

ZTr::rr l oLy one hyUon step and one hydration 

25 temperature. 

^^steel substrates and calcium aluminate powder were prepared as 
in Example 1. 

The substrate was dipped once in slurry A and then air-dried. The sample 
Z h^drated in a closed container with de-ioni.d water at the bottom at 37 
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oC for 3 days. Finally the coated sample was placed in a simulated body fluid 
at 37 °C for two weeks. 

The simulated body fluid was a commercial version from Sigma (product 
D8662) buffered to pH 7.2-7.6, containir>g KH.PO4 (0.2 grams/Liter), NaCl 
(8 0 g/L). Na.HP04 (1.15 g/L). KCl (0.2 g/L), MgCh-eHaO (0.1 g/L) and 
CaCb-2H.O (0. 133 g/L) dissolved in de-ionfeed water. This mixing imtiates 

phosphatising of the coating. 

After the phosphatising step the resulting coating consisted of a 20-50 pm 
calcium aluminate hydrate, with small amounts of non-hydrated calcum 
aluminate, close to the substrate, and an outer 1-2 .m thin layer of 
hydroxyapatite/calcium phosphate. In this example, a two-layered structure 
is achieved with only one powder layer and a two-step hydration procedure. 



